Production of protein containing lengthy stretches of polyglutamine encoded by multiple repeats of the trinucleotide CAG is a hallmark of Huntington's disease (HD) and of a variety of other inherited degenerative neurological and neuromuscular disorders. Earlier work has shown that interference with production of the transcription elongation protein SUPT4H results in decreased cellular capacity to transcribe mutant huntingtin gene (Htt) alleles containing long CAG expansions, but has little effect on expression of genes containing short CAG stretches. zQ175 and R6/2 are genetically engineered mouse strains whose genomes contain human HTT alleles that include greatly expanded CAG repeats and which are used as animal models for HD. Here we show that reduction of SUPT4H expression in brains of zQ175 mice by intracerebroventricular bolus injection of antisense 2'-O-methoxyethyl oligonucleotides (ASOs) directed against Supt4h, or in R6/2 mice by deletion of one copy of the Supt4h gene, results in a decrease in mRNA and protein encoded specifically by mutant Htt alleles. We further show that reduction of SUPT4H in mouse brains is associated with decreased HTT protein aggregation, and in R6/2 mice, also with prolonged lifespan and delay of the motor impairment that normally develops in these animals. Our findings support the view that targeting of SUPT4H function may be useful as a therapeutic countermeasure against HD.
Introduction
Huntington's disease (HD) is one of a collection of untreatable and devastating neurodegenerative and neuromuscular diseases that result from expansion of segments of trinucleotide repeats (TNRs) present within certain genes [1] [2] [3] . Whereas the huntingtin (HTT) gene normally includes fewer than 30 repeats of the glutamine-encoding trinucleotide CAG, expansion to 36 or more repeats results in HTT protein containing a long polyglutamine stretch, leading to HTT protein aggregation and non-canonical protein-protein interactions-and ultimately resulting in neuronal cell death [4] [5] [6] [7] . Analogous TNR expansions in other genes underlie certain spinocerebellar atrophies, muscular dystrophies, and other polyglutamine (polyQ)-associated disorders [6] [7] [8] . Additional diseases are attributable to expansions of other TNRs or to CAG expansions in non-protein-coding regions of other genes [9] [10] [11] [12] .
Earlier work has shown that the transcription elongation protein SUPT4H (known in yeast as Spt4), which interacts with its partner SUPT5H (in yeast, Spt5) to form a complex that aids RNA polymerase II processivity [13] , is selectively needed for transcription through gene segments containing expanded TNRs. Decreased production of SUPT4H or Spt4 in cultured cells impedes transcription through expanded TNRs and reduces synthesis of protein containing lengthy polyQ stretches without significantly affecting the production of mRNA and protein from alleles containing non-expanded TNRs. In yeast cells, null mutation of spt4 and consequently, reduced transcription through DNA containing lengthy TNRs, can decrease the abundance of and restore functionality to the resulting protein; in mammalian striatal neurons grown in culture, shRNA directed against Supt4h reduces the production, aggregation, and toxicity of mutant HTT protein [13] .
The investigations reported here were aimed at learning whether interference with the actions of SUPT4H would selectively decrease the production of Htt mRNA and protein derived from mutant Htt alleles in whole animal murine models of Huntington's disease, and if so, whether such a decrease would affect the pathological consequences of TNR expansions. Our findings indicate that decrease in SUPT4H production in cerebral cortex neurons by injection of antisense oligonucleotides (ASOs) into the brains of mice expressing a human HTT exon containing expanded CAG repeats [14, 15] reduces the abundance of mutant Htt mRNA and protein, while having little or no effect on expression of the co-existing normal Htt allele. We further found that downregulation of mutant HTT by deletion of a single Supt4h allele in R6/2 HD mice-which contain a lengthy CAG repeat within a transgenically introduced first exon of the human HTT gene [16] -results in delay of the motor function impairment characteristic of these mice and in prolongation of mouse lifespan.
Results

Decreased mutant Htt gene expression by Supt4h ASO in zQ175 HD model mice
The discovery that transcription of genes containing expanded repeats of CAG or other trinucleotides located in either protein-coding or transcribed non-coding regions of genes is selectively reduced by interference with the actions of the transcription elongation protein SUPT4H or its yeast counterpart, Spt4 [13] identifies SUPT4H as a potential target for therapies for genetic disorders associated with TNR expansions. In initial experiments to investigate this prospect, we injected 2'-O-methoxyethyl-modified antisense oligonucleotide directed against Supt4h mRNA into the brains of zQ175 mice, which have been engineered to carry a human HTT gene exon that includes expanded TNRs [14, 15] . The genomes of the adult zQ175 HD mice used in these studies contain an endogenous normal murine Htt allele in addition to the modified one. The anti-sense oligonucleotide (ASO) used was shown in preliminary studies to result in~80% reduction of Supt4h mRNA in the mouse endothelioma cell line bEnd.3 cells (ATCC CRL-2299). The procedures we employed (Materials and Methods) have been used previously to correct a splicing abnormality in the SMN2 gene in transgenic mice [17] , and were also shown to reduce HTT protein production from both Htt alleles in R6/2, BACHD and YAC128 mice using ASOs directed against the Htt gene [18] .
Analysis of extracts of entire cerebral cortices (S1 Fig) or lumbar spinal cords collected from mice receiving ASO directed against Supt4h showed reduction of Supt4h mRNA and protein to 40% or 50% of normal (Fig 1A, 1B) . This decrease was accompanied by an approximately 30% decrease from the baseline abundance in untreated zQ175 mouse brains of mutant Htt mRNA and protein, which were produced in lesser amounts than Htt mRNA and protein from genes containing unexpanded TNRs-as has been reported previously [13, 19] . However, injection of ASO directed against Supt4h did not result in a detectable change in expression of the Htt allele containing an unexpanded TNR, in contrast to the decreased expression in both Htt alleles that resulted from injection under identical conditions of an ASO directed against an Htt gene sequence ( Fig 1C and S2 Fig) . The selective decrease in mutant Htt expression observed during ASO-mediated targeting of Supt4h in mouse brain and spinal cord tissues contrasts with the non-selectively decreased expression of Htt resulting from similarly performed intracerebroventricular bolus injection of ASO directed against Htt mRNA [18] .
Generation of mice lacking an Supt4h allele
To learn about the effects of more widespread and prolonged reduction of Supt4h expression in mice, and also to determine the effects of such reduction on phenotypes characteristic of HD, we first constructed a C57BL6/129-derived mouse strain deleted for Supt4h using conventional genetic knockout approaches (Fig 2) . We obtained mice having a deletion of one Supt4h allele, as confirmed by Southern blot analysis (Fig 2A) ; however, mating of such Supt4h +/-animals failed to generate viable offspring having deletions in both Supt4h alleles. Instead, analysis of embryos indicated that homozygous knockout of Supt4h was associated with embryonic lethality at day E7.5 (S1 Table) . Using quantitative RT-PCR (qRT-PCR) to assess Supt4h mRNA abundance in Supt4h +/-mice, we found that Supt4h transcripts in cerebral tissue lysates were decreased to approximately 50% of the abundance observed in Supt4h +/+ littermates ( Fig 2B) ; consistent with this observation, SUPT4H protein was reduced in the striatal and cortical regions of the brain, as determined by immunohistochemistry staining (Fig 2C) and Western blot analysis (Fig 2D) .
Mice showing this extent of decrease in SUPT4H abundance, which corresponds to the decrease that results in reduced mutant HTT toxicity in cultured striatal neurons [13] , were maintained for 18 months without apparent effects on lifespan or motor function.
Biochemical effects of deletion of one Supt4h allele in R6/2 mice R6/2 mice, which carry a transgenically introduced first exon of human HTT containing an expanded CAG repeat and which robustly show biochemical and behavior characteristics of HD [20, 21] , have been used extensively to evaluate events that may affect humans afflicted with HD. To evaluate the effects of perturbed Supt4h expression in these mice, we generated a line of R6/2-derived Supt4h +/-animals ( Fig 3A) . As was observed for Supt4h +/-mice in the (S +/-) littermates was subjected to Southern blot analysis using the 5' and 3' probes separately. (B) Supt4h mRNA levels were assessed by qRT-PCR using the brain tissue of Supt4h +/+ and Supt4h +/-mice. The abundance in Supt4h +/+ mice was set as 1, after normalization with U6 RNA. (C) SUPT4H protein level in the striatum and cortex of indicated mice was analyzed by immunohistochemistry (IHC) using antibody against SUPT4H. (D) Protein lysates collected from the cerebrum of indicated mice were analyzed by Western blot using anti-SUPT4H antibody. GAPDH served as loading control. Data are presented as the mean ± SEM (n = 3 in each group; *, p < 0.05; ***, p <0.001 by Student's t-test). The mice were sacrificed at the age of 12 weeks for analyses. C57BL6/129 strain background, whole brains collected from R6/2 Supt4h +/-animals showed approximately 50% reduction of Supt4h abundance relative to R6/2 Supt4h +/+ animals (Fig 2) .
Quantitative RT-PCR using conditions that distinguish between expression of wild-type and mutant Htt alleles indicated that deletion of one Supt4h allele in R6/2 mice was accompanied by a marked reduction in mutant Htt mRNA in brain tissue, whereas mRNA production by the wild-type Htt allele was unaltered by the Supt4h gene deletion (Fig 3B, 3C ). Western blotting using an antibody that detects only the mutant form of HTT confirmed that expression of the mutant Htt allele was reduced in zQ175 mice treated with ASO directed against either Supt4h or Htt; however, ASO against Htt also reduces protein produced by the normal Htt allele, while ASO directed against Supt4h did not (S2 Fig) . In R6/2 mouse experiments, slot blot assays and antibody that detects only the mutant form confirmed the ability of a null mutation in one Supt4h allele to reduce expression of mutant HTT in Supt4h knockout mice as shown in Fig 3B, 3C . Aggregation of mutant HTT is a prominent feature of HD during disease progression, and reduction of such aggregation has been reported to rescue neurons from dysfunction and cell death [22] [23] [24] . Our earlier studies using cultured cells showed that both the production and aggregation of mutant HTT is decreased by siRNA directed against Supt4h [13] . We observed that R6/2 mice deleted for one Supt4h allele showed a similarly reduced abundance of mutant HTT protein and a decrease in HTT protein aggregates (Fig 4B, 4C, and S3 Fig), while showing no change in the amount of normal HTT protein synthesized from a coding sequence produced by a gene containing 13-15 consecutive CAA/CAG repeats was also analyzed. β-actin served as loading control. (B) Brain lysates collected from 12-week-old mice were loaded onto a cellulose acetate CA membrane, which traps only aggregated protein. Mutant HTT protein was detected using EM48 antibody. Nitrocellulose (NC) membranes were employed for slot blot assays to determine protein abundance; α-Tubulin served as a loading control. The values shown are means ± SEM, and the relative protein aggregation in tissues of R6/2 HD mice having two or one allele of Supt4h is presented in the bottom panel. (C) Representative IHC images of cerebral tissue of 12-week-old R6/2 (HD) mice having either one or two alleles of Supt4h are shown. HTT aggregates were detected using an antibody against ubiquitin, which is recruited to and co-localized with aggregates in the brain of HD mice [54] . The positions of aggregates are indicated by arrowheads. (D) DARPP-32 protein abundance was analyzed by Western blot analysis using brain lysates collected from R6/2 mice at the age of 12 weeks either intact in the Supt4h locus or deleted for one Supt4h allele. The level of WT mice having two Supt4h alleles was set to 1, after normalization with α-Tubulin. Data are presented as the mean ± SEM (n = 3 in each group; *, p < 0.05 by Student's t-test).
doi:10.1371/journal.pgen.1005043.g004 containing a short TNR (Fig 4A) . Additionally, reduction of the DARPP-32 protein, which is highly enriched in medium-sized spiny neurons and has been reported to be down-regulated concurrently with early neuronal dysfunction in the R6/2 mouse model of HD [25, 26] , was partially reversed in mouse brains by deletion of one Supt4h allele (Fig 4D) .
Reduction of Supt4h suppresses motor decline and prolongs survival of R6/2 mice Typically, R6/2 mice show severe impairment of motor coordination by 8-12 weeks of age [27] , and die between 13 and 16 weeks of age [16] . The progressive deterioration in motor function can be detected by reduction in the length of time that the mice can remain on a rotating rod-the so-called "rotarod assay" [27] . We employed rotarod performance assays to compare the motor function of R6/2 mice deleted in one Supt4h allele with that of R6/2 Supt4h +/+ littermates. As observed previously [28] R6/2 Supt4h +/+ mice showed a progressive decline in motor function starting at 10 weeks of age; however, in R6/2 Supt4h +/-mice, the decline was not apparent until 13 weeks of age (Fig 5A) -suggesting that reduction of SUPT4H abundance by half in these animals, as indicated above, is sufficient to yield measurable benefits in motor function. Similarly, R6/2 mice having one Supt4h allele deleted showed better performance in a beam walking test (Fig 5B) commonly used as another parameter of motor function in the HD mouse model system [27, 28] . R6/2 mice carrying a heterozygous deletion in Supt4h also showed a longer lifespan (Fig 5C) than did Supt4h +/+ animals; however, no detectable effect of an Supt4h deletion on the loss of body weight that is characteristic of HD progression in R6/2 mice (Fig 5D) was observed.
Discussion
The results reported here demonstrate that experimentally induced decrease of the transcription elongation protein SUPT4H in brain and spinal cord tissues of murine models of Huntington's disease results in selectively decreased expression of mutant huntingtin alleles, and that these events are associated with reduction of HTT protein aggregates, delay in the impairment of motor function seen in R6/2 HD mice as the animals age, and an increase in the R6/2 mouse lifespan. SUPT4H and its yeast counterpart, Spt4, function in cells by binding to Spt5/SUPT5H to form a protein complex; the N-terminal region of SUPT5H then interacts with the C-terminal region of RNA polymerase II (Pol II), an event that is thought to tighten the Pol II clamp around DNA templates and limit dissociation of Pol II from DNA during transcription pauses [13, [29] [30] [31] . Data obtained by crystallographic analyses indicate that SUPT4H and Spt4 do not directly contact the polymerase [32] [33] [34] [35] and in yeast, null mutations of spt4, unlike those of spt5 do not preclude cell viability [36] . Our earlier findings that dissociation of the Pol II complex from DNA in template segments containing expanded TNRs is increased during Spt4 deficiency, and that interference with the function of Spt4 or SUPT4H decreases expression of genes containing expanded TNR regions in cultured cells-while not significantly affecting transcription of genes containing shorter TNRs or no TNRs at all [13] -have raised the prospect that targeting the function of SUPT4H may be a useful strategy for treatment of HD and possibly other TNR diseases. The murine results reported here support this notion.
The potential therapeutic value of reducing HTT expression in the brains of individuals afflicted with HD or other polyQ disorders is well recognized [37] , and antisense oligonucleotides that target Htt sequences common to mutant and normal alleles have been shown to reduce overall production of Htt mRNA and protein in brain tissue when delivered into the cerebrospinal fluid of HD-afflicted mice by transient infusion [18] . Such non-selective decrease in expression of both Htt alleles prevented the appearance of HD-disease symptom, and did not result in observable detrimental effects during the duration of those experiments. However, bi-allelic Htt inactivation in the forebrain and testes leads to progressive neuronal degeneration and sterility [38] , and selective targeting expression from mutant HTT alleles has been a desirable therapeutic objective. Selective knockdown of mutant HTT mRNA translation recently has been reported using single-stranded RNA (ssRNA) that target expanded CAG repeat segments within HTT transcripts [39] ; while this approach reduces mutant HTT protein, it does not affect the abundance of mutant HTT mRNA, which can also contribute to cellular toxicity [40] [41] [42] . siRNA and ASOs that target polymorphic gene sequences that differ in mutant and normal HTT alleles have also been reported to achieve allele-specific inhibition [43] [44] [45] [46] . However, downregulation of mutant HTT mRNA by the targeting of SUPT4H is a strategy that is independent of fortuitously occurring sequence differences in mutant and wild-type HTT alleles and additionally may also be applicable toward the treatment of other disorders caused by TNR expansions.
Even in the presence of SUPT4H, mRNA produced by an Htt allele containing expanded TNRs is less abundant than mRNA from a co-existing allele having unexpanded TNRs [13, 19, 47] . The expanded polyQ protein encoded by the mutant allele is correspondingly less abundant [13, 19] , although the upregulation of translation mediated by increased binding of the MID-1 protein to expanded CAG repeats can elevate mutant HTT protein above the level of wild-type HTT [47] . Reduction of SUPT4H by half in the brains of zQ175 mice by intracerebroventricular bolus injection of ASO or in R6/2 mice by deletion of one Supt4h allele results in a decrease in mutant Htt transcription beyond the already reduced level of mRNA production. In the R6/2 strain, which displays phenotypic features seen in human HD, such reduction resulting from deletion of a single Supt4h allele was associated with partial reversal of the HDlike phenotypic properties. The non-HD mouse strain having an Supt4h allele deleted showed no overt functional impairment during an 18-month period of observation.
Our results show that knockdown of Supt4h in murine tissues to 30-50% of normal does not preclude survival of mice after birth. However, notwithstanding the viability of yeast carrying null mutations in the Supt4h ortholog SPT4 [13] , and the minimal effect of shRNA knockdown of Supt4h on RNA-SEQ profiles in mice [13] , the lethality we observed for Supt4h -/-embryos argues that one or more actions of SUPT4H may be required for adequate transcription during embryogenesis of one or more of multiple normal mouse genes that contain >40 trinucleotide repeats.
Mutant alleles in most HD patients do not contain repeats of the length necessary to yield HD-related phenotypes in transgenic mice [48, 49] ; and additionally, the consequences of Supt4h knockdown potentially may be affected by genetic variation in the native cellular abundance of SUPT4H (and perhaps of SUPT5H its transcription elongation complex partner) in brain tissues of different individuals. While the investigations reported here indicate that the allele-specific effects of Supt4h knockdown reported previously in cultured cells occur also in mouse HD model systems and that reduction of Supt4h expression can result in disease-related consequences in a mouse HD model, the parameters that affect selective expression of mutant vs. wild type HTT alleles require further investigation before the clinical relevance of our findings can be established.
Materials and Methods
Ethics statement
All animal experiments were performed in accordance with the guidelines established by the Institutional Animal Care and Use Committee (IACUC) of Academia Sinica. All the experimental protocols were approved by IACUC and the approval number is 11-12-253. Mice were sacrificed by CO 2 inhalation according to the approved protocol for tissue collection and IHC analysis.
Animals
The zQ175 mouse strain, which carries a normal murine Htt allele and a knock-in (KI) mutant Htt/HTT mouse/human hybrid allele containing around 188 CAG repeats [15] , was provided by the CHDI Foundation, Inc. Male R6/2 [B6CBA-Tg (HDexon1) 62Gpb/1J] [16] mice, which contain an N-terminally-truncated mutant HTT allele containing a long CAG repeat, were obtained from Jackson Laboratories (Bar Harbor, ME, USA) and mated to normal females of mouse strain B6CBAFI/J. The genotype of offspring was verified by polymerase chain reaction (PCR), using genomic DNA extracted from tail tips and primers that specifically target the mutant Htt transgene. The number of CAG repeats of R6/2 mice used in this study was 240 ± 10 (mean ± SEM). Supt4h knockout was generated in a C57BL6/129S6 hybrid mouse line background using a conventional gene targeting approach. The colony was maintained by breeding Supt4h +/-males with C57BL6 females. PCR genotyping was carried out using primer sets Supt4h WT and Supt4h MT to detect intact and genetically deleted alleles of Supt4h respectively. The nucleotide sequence of these primers is shown in S2 Table. To produce R6/2 mice that contain or lack a deletion of one Supt4h allele, R6/2 males were crossed with Supt4h +/-females, and progeny were subjected to genotyping for both Supt4h intact and genetically deleted alleles and for the R6/2 human Htt transgene containing an expanded CAG repeat. The biochemical and behavioral experiments were performed using littermates from the same population. Mice were housed at the Institute of Biomedical Sciences Animal Care Facility (Taipei, Taiwan) under a 12h light-dark cycle. All procedures were accomplished using a protocol approved by the Academia Sinica Institutional Animal Care and Utilization Committee (Taipei, Taiwan).
Anti-sense oligonucleotide (ASO) treatment
The Supt4h ASO (5'-CGACACTTGTGTCCCCTGCT-3') used in this study was a 20-mer oligonucleotide that contains a phosphorothioate backbone and a chimeric 2'-O-methoxyethyl (MOE)/DNA design [50] containing five MOE-modified nucleotides at each end of a centered stretch of ten DNAs. Oligonucleotide was synthesized [17] and solubilized in PBS. zQ175 KI mice [15] were kindly provided by CHDI and received ASO (300 μg) or PBS via intracerebroventricular (ICV) bolus injections at the age of 5.5 months. Tissues were collected 4 weeks after a single ICV bolus injection, and RNA or protein was extracted as previously described [17] .
RNA isolation and qRT-PCR
Total RNA was extracted from isolated tissues using Trizol reagent (Invitrogen) and the abundance of Supt4h and Htt transcripts was assessed by quantitative real time RT-PCR (qRT-PCR) as described previously [13] . For samples collected from zQ175 HD mice, 1 μg of total RNA was converted to cDNA, followed by qRT-PCR analysis using ABI StepOnePlus Real-Time PCR System (Life Technologies). In zQ175 HD mice, the KI mutant allele contains a DNA fragment of human HTT, which is distinct from murine Htt in nucleotide sequence. PCR primers were designed to correspond to species-specific sequences and thus to differentiate mRNA produced from the wild-type vs. KI mutant allele. Samples collected from R6/2 experiments were analyzed as described above, except that 3 μg of total RNA was used for the synthesis of cDNA, and qRT-PCR was performed using ABI PRISM 7500 Sequence Detection System (Life Technologies). Relative gene expression was determined by the 2 -44Ct method after normalization with either U6 or 18S ribosomal RNA. Oligonucleotides used for qPCR are summarized and shown in S2 Table.
Southern blot analysis
Genomic DNA extracted from the tails of mice was digested by restriction enzymes Bgl II or BstB l (New England BioLabs). DNA was then electrophoresed on agarose gels, transferred to Hybond-N + nylon membranes (GE Healthcare), and fixed on membranes using UV crosslinker (UV Stratalinker 1800, Stratagene), as previously described [51] . DNA probes for detection of the Supt4h locus were generated by PCR and labeled with 32 P using Amersham Rediprime II DNA Labeling System (GE Healthcare). After hybridization with Supt4h 5'-or 3'-probe in Church buffer (0.25 M sodium phosphate, 1 mM EDTA, 1% BSA, 7% SDS, and 10 mg/ml salmon sperm DNA) overnight, the membrane was rinsed twice with buffer I (2X SSC, 0.1% SDS) at 30°C for 30 minutes, followed by buffer II (0.2X SSC, 0.1% SDS) at 60°C. DNA fragments recognized by the probes were monitored by Typhoon 9410 Variable Mode Imager (GE Healthcare).
Preparation of anti-SUPT4H antibody
Plasmid construct pPAL7-HA-Supt4h, which expresses full-length murine SUPT4H, was created by PCR amplification of a DNA fragment encoding SUPT4H and the HA-epitope and subsequently sub-cloning of this PCR product in E. coli on expression vector pPAL7. The expression construct was introduced into E. coli BL21 (DE3), and production of SUPT4H protein was induced by isopropyl-β-D-thiogalactopyranoside (IPTG, Promega) as per the manufacturer's protocol. For protein purification, BL21 cells were lysed using a Microfluidizer (Microfluidics Corp.) in buffer A (0.1 M sodium phosphate, pH 7.2). After centrifugation, the supernatant was mixed with 1 ml Profinity eXact purification resin (Bio-Rad) and incubated at room temperature for 2 hours. Reaction mixtures were loaded onto a Poly-Prep Chromatography Column (Bio-Rad), washed with 10 column volumes of wash buffer, and incubated in 2 column volumes of elution buffer (100 mM sodium phosphate, 100 mM sodium fluoride, pH 7.2) at 4°C overnight. The purified protein was subsequently eluted, transferred to a dialysis membrane (Cellu‧Sep T1, Uptima), and sent to LTK BioLaboratories for immunization of rabbits. Antibody against SUPT4H was validated by Western blotting using purified recombinant protein, protein lysates of mammalian 293T cells expressing ectopic SUPT4H, and brain lysates obtained from C57BL6 mice.
Western blot analysis
Tissues collected from zQ175 HD mice were homogenized by dounce homogenizer using cell lysis buffer (Cell Signaling). For R6/2 or Supt4h genetically modified mice, brain lysates were prepared similarly using lysis buffer (10 mM HEPES, 1 mM DTT, 200 μM Na 3 VO 4 , 8.5% (w/v) sucrose, protease inhibitor). Immunoblotting was performed as previously described [13] . In brief, equal amounts of protein were resolved by electrophoresis on 8, 12, or 15% sodium dodecyl sulfate (SDS)-polyacrylamide gels, transferred onto immobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore), and probed with anti-SUPT4H, anti-α-Tubulin (DM1A, Sigma), anti-TBP (T1827, Sigma), anti-HTT (MAB2166, Chemicon), anti-polyQ (clone 5TF1-1C2, MAB1574, Chemicon), anti-β-actin (GTX109639, GeneTex), anti-GAPDH (GTX100118, GeneTex), or anti-DARPP-32 (#2302, Cell Signaling) antibodies. After incubation with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h, the immunoreactive signals were detected by ECL reagent (enhanced chemiluminescence, PerkinElmer).
Filter-retardation assay
Filter-retardation assays were performed as previously described [13] . Briefly, brain lysates collected from R6/2-derived animals were loaded through a slot-blot manifold (Bio-Rad) onto CA membranes (cellulose acetate, 0.2 μm pore size; Schleicher & Schuell), which retain SDSinsoluble protein aggregates. Membranes were blocked with 5% skim milk in TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween 20) and probed with EM48 antibody (MAB5374, Chemicon) at 4°C overnight. EM48 antibody identifies N-terminal huntingtin fragments containing a long stretch of polyglutamine, and is particularly efficient for detecting human huntingtin aggregates, whereas the antibody has only weak affinity for rodent HTT protein [52] . After incubation with the corresponding secondary antibody, immunoreactive signals were detected by ECL reagent and recorded using Fuji X-ray film.
Immunohistochemistry
Animals were anesthetized before perfusion with 4% paraformaldehyde in PBS (pH 7.4). Brains were removed, post-fixed with 4% paraformaldehyde at 4°C overnight, and embedded in paraffin as previously described [53] . Serial coronal sections (5 μm) were deparaffinized by xylene substitute (Fluka) and rehydrated by serial alcohol dilution and subsequent PBS rinse. After heating and cooling in retrieval solution (pH 6.0, DakoCytomation), brain sections were permeabilized by 0.5% Triton X-100 and blocked with 10% goat serum for 1 h. Sections were then stained with primary antibodies against SUPT4H or ubiquitin (DakoCytomation) at 4°C overnight, followed by incubation with the corresponding secondary antibody for 1 h. To enhance the signal, Vectastain ABC kit (Vector Laboratories) was applied before staining with diaminobenzidine (DakoCytomation). Nuclei were stained with hematoxylin or methyl green.
Phenotype assays
Body weights of mice were recorded weekly. Motor coordination was assessed using a rotarod apparatus (MK-660D, Muromachi-Kikai) retaining at a constant speed (12 rpm) over a period of 2 minutes, as previously described [28] . Animals were pre-trained at the age of 7 weeks to become acquainted with the apparatus. Then mice were tested three times per week from the age of 8 to 14 weeks.
Beam walk analysis was applied to assess motor coordination [28] . Mice were trained to traverse a circular beam having a diameter of 17 mm, followed by testing on an 11-mm-diameter beam once per week. Results were recorded as the duration of time (Latency) spent by mice to walk across the 80-cm-long beam. Latency was recorded as 120 seconds when mice spent more than 120 seconds traversing the beam.
Statistical analysis
Values shown in the figures are presented as mean ± SEM. All statistical analyses were carried out by Student's t-test except indicated otherwise. Rotarod performance, beam walk test, and change of body weight were analyzed using two-way analysis of variance (ANOVA), followed by a post-hoc Bonferroni multiple comparison test. Survival statistics were performed using Log-rank test. All tests were performed using the SigmaPlot software, version 10.0. A value of p<0.05 was considered statistically significant. 12-week-old R6/2 (HD) mice having either one or two alleles of Supt4h were subjected to IHC staining. HTT aggregates were detected using an anti-mHTT antibody EM48. The positions of aggregates are indicated by arrowheads. (TIF) S1 Table. Embryonic lethality of Supt4h knockout mice.
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